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Time course studies on phosphate transfer in frog urinary bladder.
Unidirectional 32P-phosphate and 3H-mannitol fluxes were simulta-
neously measured, at two minutes intervals, in frog urinary bladders.
The spontaneous or externally imposed transepithelial potential (PD)
and short circuit current (SCC) were also recorded in most experi-
ments. It was observed that: (1) Phosphate transfer was rapidly and
reversibly modified by changes in mucosal sodium concentration in
open circuit conditions. (2) Between four and six minutes after changing
mucosal NaCI concentration, phosphate fluxes reached a new steady-
state value. (3) The observed correlation between the Na-dependent
phosphate flux and the Na-dependent transmembrane potential was
high (r = 0.99, N = 12). (4) In open circuit conditions, the mucosa-to-
serosa unidirectional phosphate fluxes were inhibited by i0 M amilo-
ride, while the serosa-to-mucosa movements were increased. (5) On the
contrary, no effects of mucosal NaC1 concentration or amiloride on the
mucosa-to-serosa phosphate fluxes were detected in short circuit con-
ditions. (6) The transepithelial phosphate transfer was linearly related to
phosphate concentration and insensitive to arsenate (l0 M) action. (7)
An externally imposed PD was less effective for driving a phosphate
movement than the one depending on Na, suggesting some type of
coupling between Na and phosphate transports. (8) The mucosa-to-
serosa phosphate fluxes were reduced by parathyroid hormone and
oxytocin. Maximum inhibition was observed four minutes after the
hormonal action. It is concluded that the transepithelial PD plays a
major role in phosphate handling in frog urinary bladder.
The presence of phosphate reabsorption beyond the proximal
tubule in the mammalian kidney has been previously discussed
[1]. A significant amount of phosphate is reabsorbed by the
juxtamedullary distal tubules and/or the subsequent arcades
connecting the juxtamedullary distal tubules to the collecting
ducts in the rat [2], and the occurrence of a significant amount
of phosphate transport in the light segment of the rabbit cortical
collecting tubule has been reported [3—5]. Nevertheless, the
cellular mechanisms of this transport (Na-coupled transport or
electrochemically driven movement) have not yet been clari-
fied.
The amphibian urinary bladder has been widely employed as
a model system in which transport mechanisms can be studied
in well controlled conditions. This tissue is generally considered
to be functionally analogous to the distal segments of the
nephron, because of its relatively-high electrical resistance and
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its sensitivity to antidiuretic hormone (ADH) and aldosterone.
In a series of papers Sellers et al [6—8], employing short-
circuited toad urinary bladders in steady state experiments,
have described a sodium dependent, parathyroid hormone
(PTH) sensitive, active phosphate transport. We have now
investigated, in a time-course study, the phosphate transfer and
its hormonal regulation in frog urinary bladder. The phosphate
and mannitol fluxes were measured at two minute intervals.
Simultaneously, the spontaneous or an externally-imposed trans-
epithelial potential difference (PD) and the short circuit current
(SCC) were also measured in most experiments. Our results
show that the driving force of the transepithelial potential
associated with sodium transport plays a major role in phos-
phate transfer across this tight epithelial barrier.
Methods
Frogs (Rana esculenta) were kept at 20°C in running tap
water for at least five days before the experiments. Urinary
bladders were removed from pithed animals and mounted
between two lucite chambers filled with a saline solution
containing (mM); 110 NaCl; 2.5 NaHCO3; 5 KC1; 1 CaCl2; 0.1
KH2PO4 and 5 glucose (pH 8.1, saturated with air).
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Radiotracer measurements
The experimental set-up is illustrated in Figure 1. The bladder
was placed horizontally with a nylon mesh on its serosal
surface. The volume of the lower chamber was 12.5 ml and that
of the upper chamber was 3 ml. Both solutions could be
vigorously stirred with a magnetic rod (lower chamber) and
with an electrically-driven teflon helix (upper chamber). The
bladder had either serosal or mucosal surfaces facing the upper
chamber in different experiments, and a small positive or
negative hydrostatic pressure (1 or 2 cm of water) was applied
on the serosal chamber to press the tissue against the nylon
mesh. This was obtained by adequately positioning the lateral
angled tube (Fig. 1). A small polyethylene cannula introduced
through this lateral tube (not shown in the figure) gave access to
the lower chamber. Small quantities (20 to 50 tl, representing
less than 0.5% of the lower chamber volume) of drugs or
chemicals were injected in this way.
Ten xC of carrier-free 32P-sodium phosphate and 1 j.C of
3H-mannitol [9] were added to the lower chamber at the
beginning of the experiments. Every two minutes the upper
chamber solution was completely removed and its 32P and 3H
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activities determined by scintillation counting (with appropriate
corrections for reinjection and quenching). The phosphate
fluxes were expressed in nanomoles per square centimeter per
hour and mannitol permeabilities in cm per sec (the cross
sectional area of the chamber was 3.14 cm2). Because the
determinations were not cumulative, the back flux remained
negligible in all cases. The specific activity in the inferior
chamber was recalculated for each two minute period, taking
into account the previous transfer of radioactivity.
Electrical measurements
The transepithelial PD was measured through agar bridges
and Radiometer calomel electrodes. Current was applied when
desired through 0-ring shaped, silver-silver chloride electrodes,
placed as shown in Figure 1. The transmembrane PD could be
clamped at zero or at any other desired value, by passing the
appropriate current intensity with a previously-described elec-
tronic device [10]. The membrane current and voltage were
then continuously recorded and the membrane resistance cal-
culated from the V/I relationship.
Results
Characteristics of the transepithelial phosphate movement in
the frog urinary bladder
The tissue tightness in the experimental conditions was
previously tested by the following criteria: (1) The transepithe-
hal resistances were similar to those usually observed in tightly
mounted preparations [11]. (2) Addition of amiloride produced
a conspicuous increase in this parameter: 3314 + 386 ohm cm2
before amiloride, 11917 + 1232 ohm cm2 after amiloride (10—i
M, six paired experiments). (3) Bladders showing spontaneous
PD lower than 20 m were discarded. (4) Mannitol permeability
(35 + 23 cm• sec . 10—8, N = 8), generally considered as
reflecting "non-transcellular" passive routes, was also similar
to previously reported figures [12].
The mean value observed for the spontaneous, transepithelial
phosphate movement (mucosa to serosa), twenty minutes after
the tissue was mounted (standard saline solution on both sides,
open circuit conditions) was 0.21 0.06 nM . hr cm2 (N =
12). The rate of appearance of 32P and 3H-mannitol in the upper
chamber stabilized about 10 to 12 minutes after the addition of
tracer to the lower chamber, and then remained fairly constant
for one to two hours. Nevertheless, in some experiments the
phosphate flux increased or decreased with time (Fig. 2); a clear
parallel was observed with the mannitol flux during these
spontaneous variations. On the contrary, no clear parallel of
phosphate fluxes with the evolution of membrane resistance
could be established even if, in general, higher resistances
corresponded to lower phosphate fluxes (Fig. 2).
Influence of mucosal NaCl concentration on phosphate
transfer
In a first experimental series the unidirectional (mucosa to
serosa) phosphate flux was followed under open circuit condi-
tions. The serosal chamber was filled with the saline solution
described in the Methods section. In the mucosal bath NaC1 was
initially omitted, and KHCO3 replaced NaHCO3 (total osmolal-
ity 24 mOsm). NaC1 concentration was then increased from
zero to 100 m. The originally-present osmotic gradient (mu-
cosal side hypotonic) was then strongly reduced following salt
addition. In four experiments the "no sodium" serosal saline
initially contained, other than the previously described compo-
nents, 200 mrt mannitol. This solution was then completely
replaced by the 100 msi NaCl solution (with no change in the
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Fig. 2. A representative experiment showing the time course of muco-
sa-to-serosa phosphate flux (0) and mannitol permeability (s). Open
circuit conditions, the standard saline solution on both sides. PD and R:
transepithelial potential difference and resistance.
Magnetic stirrer
Fig. 1. Schematic representation of the employed experimental set-up.
A: upper chamber; B: lower chamber; C: Lateral glass tube giving
access to the lower chamber; P.M.D.: potential difference measure-
ment. In the depicted situation the fluid level in the lateral pipe was 1 cm
higher than in the upper chamber.
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Fig. 3. Effects of increasing mucosal NaG! concentration and of
amiloride on the mucosa-to-serosa phosphate flux (•) and mannitol
permeability (0). Open circuit conditions. No NaCI in the mucosal
chamber at the beginning. One experiment of eight (Table 1),
Table 1. Unidirectional phosphate fluxes, in different conditions
NaCl
100 + Amil. Volt.
0 mi mM Duff 1O M Duff Clamp DuffN 1 2 2-1 3 3-2 4 4-3
8 MS 0.092 0.176
(0.028) (0.019)
+0.084'
(0.015)
0.101
(0.019)
o.o75'
(0.019)
0.132
(0.023)
+0.031C
(0.008)6 SM 0.053 0.032
(0.015) (0.009) (0.005)
0.059
(0.021)
+0.027C
(0.011)
0.052
(0.022)
—0.009
(0.07)
NS
5 MS" 0.123 0.128
(0.031) (0.022)
+0.005
(0.025)
NS
0.125
(0.036)
—0.003
(0.012)
NS
Open circuit conditions
b Short circuit conditions
Fluxes in nM ' hr cm2; MS: mucosa to serosa; SM: serosa to
mucosa; Means SEM (in parenthesis); <P < 0.05; d p < 0.01 (t-test
for paired data). Serosal NaCI concentration was always 100 m and
phosphate concentrations 0.1 mM.
Heads of colums 1 and 2 indicate mucosal NaCI concentration. 3:
Amiloride is added on mucosal bath. 4: The transepitelial potential was
clamped at the value registered before amiloride.
NaCI concentration, m
Fig. 4. Transbladder potentials (•) and phosphate fluxes (0) mucosa
to serosa) as functions of NaCl concentration in the mucosal bath.
Each point is the mean value for three experiments.
Time, mm
Fig. 5. Effects of increasing mucosal NaCI concentration and amilo-
ride on the serosa-to-mucosa phosphate flux and mannitol permeabil-
ity. Open circuit conditions, no NaC1 in the mucosal side at the
beginning.
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osmotic gradient). No differences were observed between the
results obtained in both experimental situations, and they were
then pooled.
When the mucosal NaCl concentration was step changed the
transepithelial phosphate movement was augmented, while
mannitol permeability was not affected (Fig. 3). Two minutes
after the change in the NaCl concentration (first experimental
point) almost 90% of the total change has occurred while the
subsequent addition of amiloride (l0— M, mucosal side) com-
pletely reversed the previously observed increase. Table 1 gives
the mean values for the 8 experiments and shows that the
"Na-dependent" phosphate transfer represented roughly 50%
of the total movement. The transepithelial PD was near zero in
the absence of NaCl in the apical chamber. As soon as the salt
concentration was increased (in open circuit conditions) the
potential developed. The observed PD arrived at a new steady-
state value in less than two minutes after the change in NaCI
concentration.
In a second set of experiments NaC1 concentration was step
changed to different values: 1, 5, 10, 20, and 50 m. Figure 4
correlates NaC1 concentration in the mucosal chamber with
phosphate fluxes (mucosa to serosa) and the transepithelial PD
(each point is the mean value for three experiments). When the
percentage increase in the PD values observed at NaCl concen-
trations of 2.5, 5, 10, and 20 mrvj (50 m values represented
100% variation) were correlated with the simultaneously ob-
served percentage increase in phosphate transfer, an almost
perfect linearity was observed (r 0.99; three experiments
representing 12 experimental points).
The serosa-to-mucosa phosphate transfer was also studied.
Figure 5 shows a typical experiment performed under initial
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conditions similar to those described in Figure 3. The results
obtained were the "mirror image" of those observed in the
mucosa-to-serosa fluxes; the increase in the mucosal NaC1
concentration decreased the phosphate fluxes. Amiloride (l0-
M) restored the initial situation (Table 1 gives the mean values
for six experiments performed in similar conditions).
Phosphate transfer in short circuit condition: Influence of an
externally-applied potential difference
When the bladders were switched from short-circuited to
open circuit conditions the phosphate transfer (mucosa to
serosa) increased or decreased following the changes in the
transepithelial voltage. Furthermore, after amiloride addition,
the phosphate flux dropped to values similar to those observed
in the presence of Na and in short circuit condition (Fig. 6
shows one of five experiments, the standard saline solution was
present in the mucosal and in the serosal baths).
To evaluate the specific effects of mucosal NaCI concentra-
tion on phosphate transport, the mucosal chloride level was
varied at a constant transepithelial potential (short circuit
condition). Table 1 shows that no significant change in the
mucosa-to-serosa phosphate transfer was detected when the
NaCI concentration in the mucosal bath was increased from
zero to 100 m. Also, no change was detectable after amiloride
addition (Table 1). Nevertheless when the mucosa-to-serosa
flux obtained in short circuit conditions is compared to the
serosa-to-mucosa flux obtained in the absence of apical Nat, a
significant difference is obtained, even when these experiments
were not performed in paired hemibladders (mean difference
0.075 0.023 flM hr' cm2, P < 0.05).
It was of interest to know if an externally-applied potential
difference was as effective as the Na-induced PD to modify
phosphate transfer. Figure 6 shows one of the experiments
designed to test this point. The bladder was clamped after
amioride (lO- M) at 40 mY, the previously-observed sponta-
neous PD in this case. A small increase in the mucosa-to-serosa
phosphate transfer was observed, representing only 20% of the
Table 2. Phosphate fluxes: Influence of the Na dependent potential
vs. an externally imposed one
100 NaCl
1
Volt.
0 NaCI clamp Differences
2 3 1-2 (I) 3-2 (II) Il/I
1
2
3
4
0.154 (45)
0.178 (38)
0.194 (55)
0.215 (35)
0.091 0.118 (45) 0.060 0.027
0.101 0.135 (38) 0.077 0.034
0.103 0.128 (55) 0.091 0.025
0.087 0.140 (35) 0.128 0.053
0.45
0.44
0.27
0.41
Means
5EM
0.185
0.011
0.096 0.130 0.089 0.035
0.003 0.004 0.012 0.006
0.39
0.04
NaCI concentrations in the mucosal bath. Numbers in parenthesis
indicate the spontaneous transepithelial potential (first column) and the
externally imposed one in the absence of NaCI in the mucosal bath
(third column).
phosphate flux driven by the same PD when generated by Na
transport. Furthermore, the serosa-to-mucosa unidirectional
flux was not significantly reduced. Table 1 shows the mean
values in similar experiments performed in both conditions.
Table 2 gives the results of an additional experimental series
in which the membrane voltage was clamped at different values
at constant NaCI concentration. The phosphate unidirectional
flux (mucosa to serosa) was subsequently measured in three
experimental conditions. Initially NaC1 (100 mM) was present
on both sides. Then the salt was isomotically replaced for
choline-Cl in the mucosal side. The PD (in parenthesis in the
first row) dropped to near zero. Finally the membrane potential
was externally clamped at the value initially observed when
NaCl was present in the mucosal chamber. The data show that
the externally-applied potential difference, in the absence of
Na transport, only drove 39% of the Na-coupled one.
No significant variations were induced by the addition of
arsenate (10—i M, potassium arsenate, Sigma Chemical Co., St.
Louis, Missouri, USA) on the mucosa-to-serosa phosphate
fluxes in short circuit conditions, even when the phosphate was
only present at the relatively low concentration of 0.1 m. The
50
open short
circuit circuit
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Fig. 6. Transbladder potential and the ratio
between 32P and 3H-mannitol fluxes in open
circuit and short circuit conditions. Influence
of amiloride and of an externally imposed
potential difference.
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Fig. 7. Effects of PTH on the unidirectional (mucosa to serosa) phos-
phate flux. Mean values for 5 experiments.
observed unidirectional fluxes were: before arsenate 0.117
0.010 flM . hr' . cm2; after arsenate 0.102 0.011 nM hC'
cm2; mean difference: 0.015 0.025; NS, N = 4.
Phosphate concentration and transepithelial phosphate
transfer
To study the effects of changing phosphate concentration on
phosphate transfer this anion concentration was step increased
from 0.1 to 1, 5, or 10 m (either in the mucosal or serosal side,
short circuit conditions). Both phosphate salts were present in
adequate proportion to maintain medium pH at 8.1. Taking into
account steady state values (those registered 16 minutes after
changing phosphate concentration in the mucosal bath), a linear
relationship between phosphate fluxes and phosphate concen-
tration within the tested concentration range was observed. The
calculated fluxes for phosphate concentrations of 1, 5, and 10
m were respectively (nM hr cm2) 1.42 0.28, 4.98
1.23 and 0.27 1.67 (N = 5 in each case). The simultaneously
recorded SCC did not show a significant variation.
Because high phosphate concentration could modify the
concentration of diffusible and ionized calcium, we measured
phosphate fluxes adjusting the Mg + and Ca + concentrations
at higher levels. The additional experiments were performed for
phosphate concentrations of 1 and 10 mm while the CaCI2
concentration was increased to 2 m, and 5 mrt MgCI2 was
added to the media.
Effects of PTH and ADH on the unidirectional phosphate
fluxes
Both PTH and ADH reduced the unidirectional (mucosa to
serosa) phosphate flux. Figures 7 and 8 show the effects of 50
mU . ml PTH (human synthetic 1 = 34 tetratri-acontapeptide
from Beckman Instruments, Fullerton, California, USA) and
i0 oxytocin (Sandoz Pharmaceuticals, East Hanover, New
Jersey, USA) on this parameter, in short circuit conditions
(phosphate flux (nM hr' . cm2) before ADH: 0.1080
00.008; after ADH: 0.0740 00.05; N = 5. Before PTH 0.099
00.03; after PTH 0.0740 00.04; N = 5). We confirm the
previously observed inhibitory actions [8]. Its magnitude, about
30%, was also similar to the previously reported one. We add
new information obtained from the study of the time course
evolution in phosphate permeability; the maximum effect was
registered, in both cases, four minutes after the hormonal
challenge.
Discussion
Time course studies on phosphate transfer
Previous work on phosphate fluxes across amphibian urinary
bladder was performed employing relatively long experimental
periods. This study presents a novel approach to this subject;
the obtained results clearly show that transepithelial phosphate
movements can be accurately evaluated every two minutes.
This permits time course studies on the changes in phosphate
flux and permeability induced by different experimental manip-
ulations or pharmacological actions. Furthermore the simulta-
neous determination of mannitol permeability and Na trans-
port (by measuring the SCC) also permits a correlation, again in
a time course study, of phosphate fluxes and other parameters
that characterize paracellular and active transepithelial trans-
fers.
The observed unidirectional phosphate fluxes were of similar
magnitude to those reported in toad urinary bladder [61, while
the transepithelial resistance values and the amiloride effects
indicate the absence of an important "edge damage" in our
preparations. The lack of correlation between phosphate fluxes
and membrane resistance suggest that this ion permeability was
not solely dependent on the epithelial tightness. Changes in
phosphate fluxes were rather rapid, and fully reversible. New
steady-state conditions were generally achieved in two or three
experimental periods.
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Phosphate transfer and active Na transport in frog urinary
bladder
It is evident from previous and present results that transepi-
thelial phosphate transfer is strongly dependent on Na transport.
Nevertheless it is not clearly established, in "renal distal-like"
epithelial barriers, if this coupling is due to a Na-phosphate
cotransport mechanism or if the potential difference created by
Na transport drives the phosphate movement. Our experi-
ments clearly show that, in frog urinary bladder, the driving
force due to the potential difference associated with the Na
transport plays an important role in phosphate transfer. This
was demonstrated when the preparation was switched from
short circuit to open circuit conditions or when the influence of
mucosal Na concentration and the action of amiloride on
phosphate influx and phosphate backflux were studied (Table
1). The observations reported in this study agree with those of
Shareghi and Agus [4] concerning the light segment of the rabbit
cortical collecting tubule.
In short circuit conditions, the transepithelial mucosa-to-
serosa phosphate movement was not significantly changed by
changes in the mucosal NaCI concentration and no influence of
amiloride was observed. Similar results have been reported by
Sellers, Hall and Mendoza in steady state experiments employ-
ing toad urinary bladder [7]. Their reported inhibition of the net
phosphate transport, induced by amiloride or Na removal,
resulted from an increase in the backflux (serosa to mucosa) and
not from a decrease in the influx (mucosa to serosa).
Sellers et al suggest that, in toad urinary bladder, the serosa-
to-mucosa phosphate flux occurs by passive movement and that
mucosa-to-serosa fluxes represent the sum of passive move-
ment and active transport [7]. Our results also suggest the
existence of a small phosphate transport in the absence of a
transepithelial potential. Nevertheless, it must be emphasized
that the efflux represents, either in toad or frog urinary bladder
and in short circuit conditions, more than 50% of the influx.
When the PD was present the ratio between influx and efflux
values increased to six (Table 1).
An important phosphate transport linked to Na transport is
present in the proximal tubule of the kidney, a leaky epithelium
where the transepithelial difference is low. In this tissue arsen-
ate is a competitive inhibitor of phosphate transport [13].
Furthermore, the anion transport saturates with concentration
[14]. This was not the case in frog urinary bladder, where
insensitivity to arsenate and unsaturability with phosphate
concentration are new data arguing against a central role of a
cotransport system similar to the one observed in the proximal
tubule. The distal parts of the mammalian nephron are tight
epithelia where important potential differences are observed.
This potential is oriented in the 'right" direction and it is then
plausible that, as in the case of frog urinary bladder, the
transepithelial PD mainly drives phosphate reabsorption.
We confirm here the partial inhibitory actions of PTH and
ADH on the mucosa-to-serosa phosphate fluxes [8]. We have
now observed that the maximal effect at four minutes after
hormone addition, and that it was reversible. It has been
reported that PTH inhibits phosphate reabsorption in rat distal
convolution [5]. It has been also reported that PTH induces
prostaglandin liberation in toad urinary bladder [15].
The results presented in Figure 6, Table 1 and Table 2
indicate that an externally imposed potential was not as effec-
tive as a Nat-generated potential to modify the phosphate
transfer. This suggests the existence of some type of coupling
between the Nat-depending membrane potential and phosphate
transport. Future experiments are necessary to clarify this point.
We can conclude that the amphibian urinary bladder is an
adequate model to study a phosphate transfer similar to the one
observed in the distal nephron, rather than the one observed in
the proximal tubule.
Reprint requests to M. Parisi, M.D., Departamento de FisiologIa,
Facultad de Medicina, Universidad de Buenos Aires, J.E. Uriburu 166,
(1027) Buenos Aires, Argentina.
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